Streptococcus mutans is an etiologic agent of the disease dental caries. The organism resides in supragingival plaque, a biofilm formed above the gumline in the oral cavity. A major characteristic contributing to the organism's pathogenicity is its ability to metabolize many sugars, and as a consequence S. mutans produces various organic acids. Acid production consequently lowers the pH of the surrounding environment, and over time the drop in pH will lead to tooth demineralization and the development of caries. The organism, however, is capable of surviving in low-pH environments and can metabolize glucose and acidify the environment to a pH of 3.5 (3) .
To withstand the acidification of its environment, S. mutans utilizes a series of adaptive mechanisms, including increases in both the activity and amounts of F 1 F 0 ATPase and a low-pHinducible DNA repair system (22) . One of the main defenses against environmental challenges such as acid shock is the bacterial membrane itself. When the total membrane fatty acid content of S. mutans UA159 was examined after the organism had been grown to steady state at pH values of 7 and 5, a major shift in total membrane fatty acid composition was observed wherein cells grown at pH 5 produced a higher proportion of long-chained, monounsaturated fatty acids than cells grown at pH 7 (21) . However, the causal relationship between membrane fatty acid changes and resistance to external acidification has not yet been established for S. mutans. In Escherichia coli, increased proportions of cyclopropane fatty acids were found in the membranes of acid-stressed organisms (6, 8) . The cyclopropane fatty acid synthase gene (cfa) of E. coli is up-regulated during acid stress via the stress regulator rpoS. Mutant strains, deficient in cfa, were more susceptible to acid killing than wild-type organisms, suggesting that the shift to membranes with a higher percentage of cyclopropane fatty acids serves as a survival mechanism against low pH (8) . Although S. mutans does not produce detectable levels of cyclopropane fatty acids, the shift to a more monounsaturated fatty acid profile at pH 5 suggests that this alteration may be an acid-stress survival mechanism.
Although it was demonstrated that S. mutans UA159 is capable of changing its membrane fatty acid content in response to acidification of the environment (21) , there remained some unanswered questions. The previous report focused on steadystate pH 7 and 5 cells and did not examine intermediate pH levels. In this study, we investigated whether those intermediate pH values resulted in membrane profiles different than those of pH 7-and 5-grown organisms. Since the organism produces acid through the metabolism of sugars, we mimicked a glucose shock situation that may occur in vivo to determine how the bacterium responds to self-acidification. We investigated whether the underlying mechanism by which these changes occurred were due to de novo protein synthesis or de novo fatty acid biosynthesis. The underlying physiological role for such changes was also investigated.
(This research was conducted by Elizabeth M. Fozo in partial fulfillment of the requirements for a Ph.D. from the University of Rochester, Rochester, N.Y.)
MATERIALS AND METHODS
Bacterial strains and growth conditions. S. mutans UA159 (20) was maintained on brain heart infusion (BHI; Difco) agar plates. Organisms were grown on solid medium at 37°C in an atmosphere containing 5% (vol/vol) CO 2 , 95% air. Continuous cultures were grown in either a BioFlo 2000 fermentor (New Bruns-wick Scientific) or a Sixfors multiple fermentor system (ATR, Laurel, Md.) as described previously (3, 21) in TY medium containing 3% tryptone, 0.1% yeast extract, 0.5% KOH, and 1 mM H 3 PO 4 . Cultures were grown at a dilution rate of 0.24 h Ϫ1 , were limited by glucose (2.3 mM), and were maintained at steady-state pH levels by the addition of 2 N KOH. After steady-state growth had been maintained for a minimum of 10 generations, the cultures were treated with excess glucose (20 mM), referred to as glucose shock. The medium feed, pH control, and waste pump were discontinued. The culture pH was continuously monitored throughout the experiment by using an in-dwelling pH electrode. As the pH of the vessel decreased, 100-ml aliquots of culture were removed at pH values of 6.5, 6, 5.5, and 5. Cells were collected in 250-ml bottles by centrifugation at 7,600 ϫ g for 10 min at 4°C. Cell pellets were washed with 30 ml of deionized water, recollected by centrifugation, and stored frozen at Ϫ80°C prior to fatty acid analysis. Typically, three or more independent chemostat runs were used to collect samples for analysis.
Experimental design. Previous work using continuous-flow fermentors (operating as chemostats) to prepare steady-state cultures of S. mutans has shown that removing pH control from the cultures allows the organism to lower the pH value in the vessel from 7 to 5 (3). During the fall in pH, the organism responds to acidification in several ways (22) . In the present study, the experimental approach was to measure changes in membrane fatty acid proportions in cells treated with specific reagents. Steady-state cultures, initially held at pH 7 for 10 generations, were allowed to fall to a pH of 5 by removal of pH control following addition of excess glucose. The main variable that was followed was the change in the proportion of C 14:0 plus C 16:0 fatty acids versus C 18:1 plus C 20:1 fatty acids in samples taken from cultures as the pH fell. This ratio was compared to the ratio seen in control cultures treated with excess glucose alone.
Initial experiments were conducted to determine the time required to detect changes in the proportions of membrane fatty acids. Later experiments were conducted to determine the effects on membrane fatty acid profiles by agents known to reduce protein synthesis (chloramphenicol) or inhibit fatty acid elongation (cerulenin). The ability of exogenously supplied fatty acids to block the effect of cerulenin was also determined.
Membrane fatty acid reversion experiments were conducted to determine how quickly the fatty acid profile of acidic cultures returned to the profile of neutral pH cultures. Cultures that had been treated with excess glucose (glucose shock) were allowed to fall to a pH of 5. When the culture reached pH 5, the medium feed, waste pump, and pH control were restored. The pH of the culture was raised to 7 by the addition of 2 N KOH, and time zero was designated when the culture pH returned to 7. Cells were then harvested at 1 h, 2.9 h (1 generation), 14.5 h (5 generations), and 29 h (10 generations). A 100-ml aliquot was then processed as described above and stored at Ϫ80°C to be used for membrane fatty acid determinations. Comparisons were made between the fatty acid compositions of samples taken from steady-state pH 7 cultures, cells taken from cultures at pH 5 following glucose shock, and samples that were in the process of reverting to growth at neutral pH.
Using cells initially grown at steady state at a pH of 7, we determined whether growth was necessary for membrane fatty acid alteration. A glucose-shock experiment was performed, and in addition to glucose, chloramphenicol (150 g ml Ϫ1 ; Sigma), a protein synthesis inhibitor, was added. Culture growth was followed by determination of absorbance at 600 nm. A 100-ml aliquot of cells was harvested at pH 6.5, 6, and 5.5, washed with deionized water, repelleted, and stored frozen at Ϫ80°C for membrane fatty acid analysis. As above, three separate chemostat runs were performed. Fatty acids of these cells were compared to the compositions of cells from control cultures treated with glucose alone.
The necessity of de novo fatty acid biosynthesis, leading to membrane fatty acid changes, was determined using cultures grown at steady-state pH 7 and subjected to glucose shock as described above. In addition to glucose, cerulenin (Sigma) was added to a final concentration of 10 g ml Ϫ1 . Cells were harvested as described above at pH 6.5, 6, 5.5, and 5 and stored frozen at Ϫ80°C prior to membrane fatty acid determination. Three separate chemostat runs were performed. Cells from glucose-shock cultures were used as the standard for comparison of fatty acid profiles of cells treated with cerulenin.
Experiments were conducted to determine the ability of exogenous fatty acids to block the effect of cerulenin. Cultures subjected to glucose shock and cerulenin treatment (10 g ml Ϫ1 ) were simultaneously supplemented with either cis-vaccenic acid (C 18:1 ) at 10 g ml Ϫ1 or cis-eicosenoic acid (C 20:1 ) at 10 g ml Ϫ1 (Sigma). When the culture pH reached 5, 100-ml aliquots were harvested as described above and stored frozen at Ϫ80°C for membrane fatty acid analysis. In these experiments, two separate chemostats were prepared for each culture, using the C 18:1 or C 20:1 fatty acids. Three glucose-shock chemostat cultures were used as controls. As a control for the impact of exogenously supplied fatty acids alone, on glucose-shocked organisms, cultures were treated with glucose plus 10 g of either cis-vaccenic acid or cis-eicosenoic acid ml Ϫ1 . Two independent chemostat experiments, per exogenously supplied fatty acid, were performed as controls.
Statistical evaluation of the data. Student's t test was used to make pair-wise comparisons between the (C 14:0 ϩ C 16:0 )/(C 18:1 ϩC 20:1 ) ratios found in cells taken from glucose-shocked cultures, at specific pH values of 6.5, 6.0, 5.5, and 5.0 and ratios for the corresponding samples from each of the other conditions tested (steady-state growth at each pH value, chloramphenicol-treated cultures, cerulenin-treated cultures, the reversion cultures, and cultures supplied with exogenous fatty acids). The confidence interval for a difference in the means was set at 95% (P Յ 0.05) for all comparisons.
Membrane fatty acid determination. The membrane fatty acid content of the cultures was determined by Avanti Polar Lipids Inc. (Alabaster, Ala.) as previously described (21) . Total lipids were extracted by the method of Bligh and Dyer (5) . Approximately 5 mg of lipid was extracted per sample (100-ml aliquot of culture). Each preparation was used to prepare membrane fatty acid esters by the addition of 0.2 ml of toluene and 0.4 ml of 1% H 2 SO 4 in methanol. The mixture was heated for 30 min; samples were cooled and fatty acids were extracted via addition of 1 ml of hexane and 1 ml of H 2 O. The hexane phase was then evaporated under nitrogen gas, and the fatty acid methyl esters were reconstituted in hexane. Gas chromatography was performed on a Hewlett Packard model 5890 chromatograph equipped with a J & W DB-225 capillary column (30 m by 0.25 mm by 0.25 m). The column was kept at 15 lb/in 2 and 220°C, and nitrogen was used as the carrier gas. A Nu-Chek Prep standard no. 68A was used to determine retention times and the identity of fatty acids derived from S. mutans.
Acid survival. We employed an established acid sensitivity assay to determine how culture conditions and membrane fatty acid composition may affect the ability of S. mutans to survive low-pH conditions (3). Glucose-shock culture conditions were used to prepare cells for acid sensitivity tests (n ϭ 3), with the following additional modifications: glucose shock alone, glucose plus cerulenin, glucose plus cis-vaccenic acid, glucose plus cis-eicosenoic acid, glucose plus cerulenin plus cis-vaccenic acid, and glucose plus cerulenin plus cis-eicosenoic acid. Once the cultures reached pH 5, 10 ml was harvested in 15-ml plastic, conical tubes by centrifugation at 2,500 ϫ g for 10 min. Cell pellets were resuspended in 3 ml of 0.1 M glycine-HCl, pH 2.5, and were continuously stirred for 1 h at room temperature. Aliquots (0.1 ml) of the cell suspension were removed at 0, 15, 30, and 60 min, serially diluted into BHI medium (Difco), and plated in duplicate on BHI agar. Plates were incubated for 48 h at 37°C, 5% CO 2 -95% air. Viable cell counts were enumerated and used to calculate log n/n 0 . Glucoseshocked pH 5 cells were used as the standard for survival under severe acidic conditions. In order to determine whether the presence of cerulenin itself served to decrease the organism's ability to survive severe acidic conditions, steady-state pH 7 cells were also treated with 10 g of cerulenin ml Ϫ1 for 20 min and harvested for acid sensitivity testing. Untreated steady-state pH 7 organisms were used as the standard.
RESULTS
Membrane fatty acid changes occur incrementally. Previously, our investigators showed that S. mutans UA159 alters its membrane fatty acid profile when grown at pH 7 versus pH 5 (21) . The membrane composition shifted from a short-chained, saturated fatty acid profile at neutral pH to a long-chained, monounsaturated profile at acidic pH. Specifically, when grown at pH 7, 68% of the membrane consisted of C 14:0 plus C 16:0 , whereas at pH 5 the membrane consisted of 48% C 18:1 plus C 20:1 (21) . S. mutans UA159 was grown at pH values of 6.5, 6, and 5.5 in a chemostat to determine whether there were shifts in the membrane composition when the organism was grown under steady-state conditions intermediate to pH 7 and 5. The levels of C 14:0 decreased from approximately 13% at pH 6.5 to 9% at pH 6, about 5% at pH 5.5, and 1% at pH 5 ( Table  1) . A similar decrease was seen in the proportion of C 16:0 , with a drop from 43% of total membrane fatty acid content to 38% and then to 28% between the pH values of 6, 5.5, and 5, respectively.
Concomitant with the decrease in the proportion of short- chained, saturated fatty acids, a gradual increase in the proportion of long-chained, monounsaturated fatty acids in the membrane was observed. Levels of C 18:1 increased from approximately 18% at pH 6.5 to 24% at pH 5.5. A similar increase was seen in the proportion of C 20:1 over the same pH values, with an increase from 5.3% to 14% at pH 5.5. Thus, over the pH range examined here, the incremental shift from a short-chain, saturated fatty acid membrane profile to that of a long-chain, monounsaturated profile was observed as environmental pH decreased. Acid generation by S. mutans UA159 leads to rapid membrane fatty acid changes. As S. mutans metabolizes sugars, it produces organic acids and lowers the environmental pH. Thus, it was important to determine whether the production of acid by the organism itself was sufficient to cause membrane fatty acid shifts. Using a glucose-shock chemostat system (described in Materials and Methods), culture pH values fell from 7 to 5 in 2 h (less than one generation), with the culture reaching pH 6.5 within 20 min on average (data not shown). The levels of C 14:0 plus C 16:0 fatty acids reported previously (21) comprised approximately 68% of the total membrane fatty acid content at pH 7; however, at pH 6.5, this value was approximately 46% (Table 2 ) and continued to drop to a combined level of nearly 40% at pH 5.
Concurrent with the decrease in the proportion of shortchained, saturated fatty acids, there was an increase in the proportion of long-chain, monounsaturated fatty acids in relation to the total membrane fatty acid composition of glucoseshocked cells. The levels of C 18:1 nearly doubled with acidification of the environment, from approximately 12% (21) to 23% as the pH decreased from 7 to 6.5. The proportion continued to increase as the pH reached 5, with C 18:1 comprising approximately 25% of total membrane fatty acid content. The proportion of C 20:1 also rose sharply as the pH decreased from the reported steady-state pH 7 levels to 6.5, with an increase of approximately threefold from 4.5% to nearly 14%, respectively, of total membrane fatty acid. The percentage of C 20:1 increased to 17% at pH 5, a fourfold increase over the proportion found at pH 7 (21). The results indicated that the major membrane fatty acid changes occurred early in the acidification of the culture. By the time the pH decreased to 6.5, in a typical time span of approximately 20 min, the proportion of C 14:0 and C 16:0 decreased from 68 to 45.5%. In the same time and pH span, the ratio of C 18:1 and C 20:1 increased from 16.9 to 37.1%. Comparison of the changes in the (C 14:0 ϩ C 16:0 )/ C 18:1 ϩ C 20:1 ) ratios showed that the only statistical difference existed between the ratios seen previously in fatty acids from the pH 7 samples, where the ratio was 3.8 (Ϯ0.72), and those from pH 6.5-grown cells (P Յ 0.03). There were no statistical differences in the comparisons made between pH values of 6.5 and 6.0, between 6.0 and 5.5, or between 5.5 and 5.0, suggesting that the bulk of changes, and possibly the most significant changes, occurred quickly as the cells moved from steady state at pH 7 to pH 6.5. Interestingly, the corresponding (C 14:0 ϩ C 16:0 )/C 18:1 ϩ C 20:1 ) ratios from the incrementally controlled cultures (Table 1 ) and the glucose-shocked cultures (Table 2) were statistically different (P Յ 0.008) when comparing the values at pH 6.5 and pH 6. The differences between the two types of cultures disappeared, however, as the pH came to 5.5, presumably because the glucose-shocked cultures were becoming more fully adjusted to the external pH.
Reversion of the acidic membrane fatty acid profile occurs gradually. We determined whether the organism could reverse its fatty acid content, from the pH 5 profile to that of the pH 7 profile, by performing a reversion experiment, described in Materials and Methods. Here, the pH in cultures growing at steady state was elevated from pH 5 to pH 7 by the addition of KOH. The change in membrane fatty acid composition was monitored over time to see how rapidly the composition reverted to levels seen in steady-state cultures growing at a pH of 7. We observed that the levels of C 14:0 and C 16:0 rose gradually, with a 3% increase in C 14:0 after five generations (14.5 h) and an approximately 7% increase in C 16:0 over the same time span (Table 3 ). The decrease in the proportion of long-chained, monounsaturated fatty acids found in the membrane was also gradual over time. For example, there was an approximate 5% decrease in the amount of C 18:1 in cells that had been growing for 14.5 h (five generation times) compared to cells held at pH 5. The ratio of C 20:1 found in the membrane also decreased from 17% (the pH 5 value) to 5% in five generations. The data from the reversion experiments also had statistical significance after one generation (P Յ 0.002), but not in the first hour, supporting the idea that reversion takes considerably longer than acid adaptation itself, perhaps to protect against future episodes of acidification. Thus, although the membrane profile of S. mutans changed quickly with a decrease in environmental pH, the reverse shift took much longer. Membrane fatty acid shifts do not require new growth. Previous studies have shown that de novo protein synthesis is required for acid adaptation of S. mutans (25) . In the present study, we wished to determine whether an inhibitor of cell growth and protein synthesis would also inhibit the organism's ability to make membrane fatty acid changes in response to external acidification. The standard chemostat conditions, described in Materials and Methods, were employed with the addition of chloramphenicol, a de novo protein synthesis inhibitor. Cell growth, as measured by absorbance at 600 nm, ceased (data not shown), suggesting that de novo protein synthesis was disrupted. Four hours following the addition of glucose and chloramphenicol, the pH of the cultures had not fallen to 5; thus, samples were not collected beyond this time point. The total amount of C 14:0 plus C 16:0 at pH 6, following the addition of glucose and chloramphenicol, was 46% of total membrane fatty acid composition (Table 4) . When the organisms were treated with glucose alone, the percentage of C 14:0 plus C 16:0 at pH 6 was approximately 44% (Table 2) . Thus, the proportion of total membrane composition comprised of saturated fatty acids, C 14:0 and C 16:0 , remained relatively constant in the presence of a de novo protein synthesis inhibitor and the lack of cell growth (data not shown). The relative proportions of the dominant monounsaturated fatty acids, i.e., C 18:1 and C 20:1 , also did not vary significantly at a culture pH of 6 despite the lack of measurable cell growth (data not shown). In the presence of chloramphenicol, the amount of C 18:1 plus C 20:1 was approximately 35% (Table 4) , whereas without chloramphenicol the membrane fatty acid composition included approximately 37% C 18:1 and C 20:1 (Table 2) . Chloramphenicol treatment of the cultures showed modest differences from the control cultures at pH 6 and no differences elsewhere, indicating that the antibiotic had no major impact on the changes in the fatty acid composition and supporting the contention that acid-mediated changes in the membrane fatty acid profile of S. mutans probably do not require growth.
Changes in membrane fatty acid composition can be blocked by the fatty acid biosynthesis inhibitor cerulenin. The (1, 9, 10) . Genomic analysis of UA159 has not indicated the presence of such modifying enzymes (2). However, a homologue to the E. coli fatty acid biosynthesis gene fabF was located. The fabF gene encodes ␤-ketoacyl synthase II, which is responsible for elongation of fatty acids (17) . The activity of FabF can be inhibited by the antibiotic cerulenin (7, 10, 26) . If the observed membrane fatty acid shifts were due to changes in the activities of fatty acid biosynthesis enzymes, then blocking a step in the fatty acid biosynthesis cycle could prevent the shifts. We tested this possibility by the addition of excess glucose and cerulenin to steady-state cultures. The results of the cerulenin treatment indicated that amounts of C 14:0 and C 16:0 remained relatively stable over the pH levels observed (Table 5) . However, when the organisms were treated with glucose alone, the proportion of C 14:0 and C 16:0 decreased significantly, from approximately 68% at pH 7 (21) to 45.5% at pH 6.5 (Table 2) . Combined, the amount of C 14:0 and C 16:0 at pH 5 comprised over 60% of total membrane fatty acids when cultures were treated with cerulenin. This was in contrast to organisms treated with glucose alone, for which the amount of C 14:0 and C 16:0 comprised approximately 40% of total membrane fatty acids at pH 5.
The proportions of long-chained, monounsaturated fatty acids also did not change over the pH values examined in the cerulenin-treated cultures. There was a slight increase in C 18:1 as the pH was lowered to 6; however, this appears to be a fluctuation in the data, as the levels dropped again at pH 5.5 and 5. In cells treated with glucose alone, the amount of C 18:1 comprised approximately 25% of total membrane fatty acid content at pH 5 (Table 2) , whereas the total membrane composition of those organisms treated with glucose and cerulenin was approximately 16% C 18:1 . The levels of C 20:1 also remained steady in cerulenin-treated organisms at about 6% of total membrane fatty acid content. This was unlike the cells treated with glucose alone, where the amount of C 20:1 composed approximately 14% of total membrane fatty acid content at pH 6 and rose to over 17% of the total proportion of membrane fatty acids at pH 5 ( Table 2 ). Statistical differences were observed at every pH value compared with the corresponding values from the glucose-shock cultures (Table 2 ) and of those treated with cerulenin (Table 5 ) (P Յ 0.008 at each pH value). These data clearly showed that cerulenin had a considerable impact on the ability of the cells to elongate fatty acid chains.
Blocking shifts in membrane fatty acid composition leads to increased acid sensitivity. The shifting of the membrane fatty acid profile of UA159 in response to acidification demonstrates a common adaptation technique utilized by bacteria in response to environmental stresses (1, 6, 8) , although why S. mutans would alter its membrane in such a manner was unclear. S. mutans is known to be more acid resistant when grown at pH 5 than at pH 7 (3); therefore, it may be that the change in membrane fatty acid profile in response to pH offers protection against acid damage. To determine whether the shift in membrane fatty acid content offers protection against acid stress, acid sensitivity experiments were performed on glucosetreated organisms and those treated with glucose plus cerulenin.
Glucose-only treated control cells were still viable after 1 h at pH 2.5 ( Fig. 1) . Cells that were treated with glucose plus cerulenin, however, were not detectable past 30 min at pH 2.5 ( Fig. 1) . There was no difference in the viability of pH 7-grown cells versus pH 7-grown cells treated with cerulenin, demonstrating that the presence of cerulenin alone did not cause a decrease in viability (Fig. 1) . Hence, by blocking the change of membrane fatty acids from a short-chained, saturated profile to that of a long-chained, monounsaturated profile, the organism was more susceptible to acid-mediated killing.
Cerulenin-treated cells cannot be rescued from acid stress via addition of long-chained, monounsaturated fatty acids. We performed a series of rescue experiments to determine whether wild-type levels of acid resistance could be restored to cerulenin-treated cells. Previous work has shown that S. mutans can incorporate exogenous fatty acids into its membrane (23) . Other studies have demonstrated that growth medium supple- mented with various fatty acids can affect the proton permeabilities of S. mutans (16) . We hypothesized that the addition of long-chain, monounsaturated fatty acids, specifically C 18:1 or C 20:1 , to cerulenin-treated bacteria may restore their ability to survive low-pH environments. Interestingly, the addition of long-chain, monounsaturated fatty acids did not increase the organism's ability to survive low-pH conditions in the presence of cerulenin (Fig. 2) . The addition of C 18:1 or C 20:1 had no apparent effect on acid survival. The addition of fatty acids to cells shocked with glucose did not produce acid-resistant bacteria. In fact, unlike glucosetreated cells, organisms treated with C 18:1 were not detectable in samples past the 30-min time point. Cells treated with C 20:1 did survive until the 60-min time point, suggesting that the addition of C 18:1 had different effects on the membrane than the addition of C 20:1 .
Although it has been demonstrated that S. mutans can incorporate exogenous fatty acids (23), our results suggest that exogenous fatty acids alone do not make the cell more likely to survive acid shock. To verify that S. mutans did take up the exogenous fatty acids and incorporate them into its membrane, fatty acid analysis was performed. The presence of the exogenous fatty acids resulted in increases in the proportions of membrane C 18:1 and C 20:1 when each was added to the cultures (Table 6 ). It appeared that the proportions of each fatty acid were essentially equal regardless of whether the cultures were treated with cerulenin or not, suggesting that the presence of cerulenin had no effect on the uptake of fatty acids. Also, the addition of fatty acids led to changes in the proportions of the membrane fatty acid content. For example, at pH 5, the membranes of glucose-treated cells were approximately 25% C 18:1 . However, by adding C 18:1 with glucose, the value rose to approximately 35% C 18:1 , as might be expected based on previous studies (23) .
DISCUSSION
S. mutans possesses an acid survival strategy consisting of a variety of components that allow it to survive the low-pH environment of supragingival plaque (22) . The ability to shift its membrane fatty acid profile from a short-chained, saturated profile at pH 7 to that of the long-chained, monounsaturated profile at pH 5 is another survival component of the organism. By blocking this ability, the organism becomes more acid sensitive.
As a response to glucose shock, the organism shifted its membrane fatty acid profile quite dramatically when the pH was lowered to 6.5. Although the organism continued to reduce the amount of saturated fatty acids and increase the proportion of C 18:1 and C 20:1 as the environmental pH decreased, the bulk of the changes appeared to occur between pH 7 and pH 6.5. This suggests that UA159 is capable of a rapid response to pH changes and makes adjustments quickly. What remains to be determined is whether the changes observed at pH 6.5 are sufficiently similar to those of fully acidadapted cells (pH 5) to confer survival under severe acid stress. Because the reverse shift from the acidic membrane profile to the neutral profile was so gradual, this may offer protection to the organism from recurrent acid challenges, as the pH of dental plaque rises and falls with the consumption of carbohydrates (24) . Currently, it is not known how membrane fatty acid shifts may protect S. mutans from acidic conditions. However, it is known that other organisms undergo shifts in their membrane fatty acid and phospholipid profiles in response to environmental stress. Although S. mutans UA159 does not produce appreciable amounts of cyclopropane fatty acids, as (1, 19) . Moreover, in response to temperature changes, the mycoplasma Acholeplasma laidlawii also alters its polar lipid composition (4, 15, 18) . The ability of S. mutans to regulate its membrane fatty acid composition in response to external pH may be an important element of its pathogenic capability. By blocking membrane fatty acid changes, the organism is more sensitive to severe acidic conditions. Thus, it appears that an increase in the proportion of long-chain, monounsaturated fatty acids may be necessary for survival in dental plaque, where there are repeated cycles of acidification (24) . It is interesting that clinical isolates of Helicobacter pylori from the gut produce large amounts of cyclopropane fatty acids, whereas isolates from the intestine do not (12) . Consequently, the ability to produce a different membrane fatty acid profile may render strains of Helicobacter more virulent. Work is currently in progress to determine whether blocking the increase in long-chain, monounsaturated fatty acids in S. mutans renders the organism less virulent.
Although de novo protein synthesis is required for optimal acid survival of S. mutans (25) , the results here suggest it may not be needed for the pH-induced membrane changes. In response to cold shock, B. subtilis produces a desaturase which modifies existing saturated fatty acids in the membrane to form monounsaturated fatty acids (1) . The increase in monounsaturated fatty acids in the membrane leads to increased membrane fluidity, thereby preventing the organism from freezing. Genomic analysis of UA159 did not indicate the presence of any homologues to the B. subtilis des gene product (2); however, it is possible that the organism produces a membranemodifying enzyme that does not have homology to known enzymes. Further analysis of the UA159 genome suggested that the organism does not produce the range of enzymes involved with fatty acid biosynthesis and additional membrane modification enzymes of E. coli and B. subtilis (2) . The results shown here and the genomic data suggest that S. mutans may use its fatty acid biosynthesis enzymes to generate membrane fatty acid changes. Using cerulenin, which stalls the cycle of fatty acid biosynthesis (7, 10, 26) , we were able to prevent changes in membrane composition and demonstrate that the biosynthetic enzymes were involved in membrane fatty acid changes.
The mechanism by which the fatty acid biosynthetic enzymes contribute to pH-induced membrane changes remains to be determined. It is known that, despite the ability of F 1 F 0 ATPase to pump protons from the cytoplasm of the organism under low-pH conditions, thereby maintaining a ⌬pH across the membrane, there are still changes in the pH of the cytoplasm (11, 13, 14) . It is possible that acidification of the cytoplasm affects the biochemical property of a particular enzyme or enzymes and consequently leads to the formation of longer, monounsaturated fatty acids. However, this remains to be determined experimentally.
The addition of fatty acids to cerulenin-treated cultures did not rescue those organisms from their weakened acid survival (when compared to organisms treated with glucose alone), although it did lead to shifts in the fatty acid composition of those cells. However, these changes were insufficient to prolong low-pH survival. It has been demonstrated that supplementing the growth medium of S. mutans strain GS-5 with various fatty acids can lead to changes in proton permeability (16) , which may affect the ability of the organism to withstand internal acidification. The correlation between proton permeability and total membrane fatty acid content remains to be determined for S. mutans UA159. These combined experiments may help to clarify why the organism changes its membrane composition and how uncontrolled shifts can lead to poor survival under low pH conditions.
Our findings are a demonstration of an organism that appears to alter its membrane composition in response to acidification of the environment. We speculate that other organisms that encounter low-pH environments may also shift their membrane profiles to survive acidification. Other organisms that inhabit dental plaque with S. mutans may specifically use membrane adaptation to protect themselves from the acid by-products of fermentation. We are currently investigating other oral 
